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To generate entangled photon pairs via quantum dots (QDs), the exciton fine structure splitting 
(FSS) must be comparable to the exciton homogeneous line width. Yet in the (In,Ga)As/GaAs QD, 
the intrinsic FSS is about a few tens /xeV. To achieve photon entanglement, it is necessary to Cherry- 
pick a sample with extremely small FSS from a large number of samples, or to apply strong in-plane 
magnetic field. Using theoretical modeling of the fundamental causes of FSS in QDs, we predict 
that the intrinsic FSS of InAs/InP QDs is an order of magnitude smaller than that of InAs/GaAs 
dots, and better yet, their excitonic gap matches the 1.55 /xm fiber optic wavelength, therefore offer 
efficient on-demand entangled photon emitters for long distance quantum communication. 

PACS numbers: 78.67.-n, 73.21. La, 42.50.-p 



Entangled photon pairs distinguished themselves from 
the classically correlated photons because of their 
non- locality []], Q and therefore play a crucial role 
in quantum information applications, including quan- 
tum teleportation^], quantum cryptography Q and dis- 
tributed quantum computation [5], etc. Benson et a/.@ 
proposed that a biexciton cascade process in a self- 
assembled QD can be used to generate the "event-ready" 
entangled photon pairs, with orders of magnitude higher 
efficiency than the traditional parametric down conver- 
sion method 0, 0, 0] • This process is shown schematically 
in Fig. [TJa), in which a biexciton decays into two pho- 
tons via two paths of different polarizations \H) and |V). 
If the two paths are indistinguishable, the final result is a 
polarization entangled photon pair stated, 0(1^^^) + 
\V XX V X )) / y/2. However, early attempts[6[ to generate the 
entangled photon pairs using the InAs/GaAs QDs were 
unsuccessful, because the \H)- and | V)-polarized pho- 
tons have a small energy difference due to the asym- 
metric electron-hole exchange interaction in the QDs [see 
Fig. 1(b)]. The small energy splitting, known as the fine 
structure splitting (FSS), is typically about -40 ~ +80 
/ieV in the InAs/GaAs QDs @, 0, [To[, which is much 
larger than the radiative linewidth (~ 1.0 /ieV) @, fill ]. 
Such a splitting provides therefore "which way" informa- 
tion about the photon decay path that can destroy the 
photon entanglement, leaving only classically correlated 
photon pairs [71. 111]. 



To achieve photon entanglement, the FSS must be re- 
duced to a value comparable to the exciton homogeneous 
line width. Lack of detailed understanding of the factors 
controlling FSS in QDs has thus far impeded the design 
of small FSS values in quantum systems. It was, however, 
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FIG. 1: (a) A schematic illustration of the biexciton cascade 
process to generate polarization entangled photons in a QD 
with classic cylindrical symmetry. H and V denote the polar- 
ization along the [110] and [110] direction, respectively, (b) 
Due to the in-plane asymmetry, the H and V polarized pho- 
tons have a small energy splitting Afss, which may destroy 
the polarization entanglement. 



empirically discovered that the FSS in InAs/GaAs QDs 
can be significantly reduced or even reversed by various 
thermal annealing protocols [l(J E2]. Furthermore, 
in alloy dots of (In,Ga)As/GaAs, different random real- 
izations of Ga and In distributions on the cation lattice 
lead a distribution of FSS values. Carefully screening of 
dots out of a large ensemble can then be used to [7| found 
those with small FSS. By applying such "Cherry Picking" 
techniques, entangled photon pairs have been recently 
achieved in the (In,Ga)As/GaAs QDs[^. However, even 
after thermal annealing, the FSS is still about ± 10 /ieV, 
too large for generating entangled photon pairs 0- The 
FSS can be further reduced by applying an in-plane mag- 
netic field [7[, which, however, significantly complicates 
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the experimental setup. Other methods, e.g. applying in 
plane electric field, can also reduce the FSS[13]. However, 
the ensuing Stark effect greatly suppress the photolumi- 
nescence (PL) intensity [l3[. Furthermore, after thermal 
annealing, the exciton wavelength is reduced to 880 ~ 950 
nm, becoming uncomfortably close to the energy of the 
wetting layer emission, thus leading to unwanted strong 
background light @, 03 , and the wavelength is also too 
short for the optical fiber communications. 

The reason for the early optimism about the use of 
QD for generating entangled photon pairs stems from 
the thought that FSS of an exciton will vanish [see Fig. 
HI a)] in shape-symmetric dots (e.g, cylindrical, or lens- 
shaped or cone-shaped) [15[ . However, the FSS of an ex- 
citon in a dot contains two terms: the previously largely 
ignored "intrinsic FSS" [IH , which is nonzero even in a 
shaped- symmetric dot, and the "shape asymmetric FSS" 
due to deviation from geometric symmetry along [110] 
and [110] directions (e.g, lens-shaped with non-circular 
base) [12] . (Note that in this sense, the FSS is just like the 
spin-splitting effects, which are composed of the intrinsic 
Dresselhaus term, due to the bulk inversion asymmetry 
and the Rashba term, due to the geometrical asymme- 
try.) Whereas the contribution to the FSS of QD shape- 
asymmetric [lH can be reduced by carefully controlling 
the growth conditions, by annealing, or by cherry-picking 
the "right dots" out of an ensemble, the "intrinsic" FSS 
is still present even for an idea cylindrical dot, becasue 
semiconductor materials from which dots are commonly 
made have the well-known zinc-blende structure, and are 
thus not spatially isotropic. The zinc-blende structure 
has Td symmetry, so even a cylindrically-shaped, i.e., 
lens or cone QD made of a zinc-blende semiconductor 
can only have a subgroup C2 V symmetry [l6|. Since the 
interface between the dot material and the surrounding 
matrix material is not necessary a reflection plane, the 
(atomistic) potentials are different along the [110] and 
[110] direct ions 1 161]. This interfacial asymmetry leads to 
a natural, build-in "intrinsic FSS" [Fig. DJb)] (even if 
atoms are unrelaxed, fixed to their ideal zinc-blende lat- 
tice sites). Such atomistic effects are commonly missed 
by continuum models (such as the effective mass approx- 
imation and the few-band k-p method), which only "see" 
the macroscopic shape symmetry, rather than atomistic 
details [13] • The intrinsic FSS is thus missed by these "low 
resolution" methods. However, recent atomistic calcula- 
tions show that the intrinsic FSS is around several tens 
of /ieV in the InAs/GaAs QDs 0. 

Here we design a QD system with reduced FSS by us- 
ing the microscopic understanding of the origins of the 
intrinsic FSS |l8[- We recognize three factors here. First, 
atomic relaxation due to lattice size-mismatch between 
the dot and matrix materials (e.g, InAs and GaAs, re- 
spectively, have a 7% mismatch) enhances the magnitude 
of both intrinsic and shape asymmetry FSS [18]. Thus 
one could expect that the dot/matrix system with lower 
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FIG. 2: Energy bandoffsets for the InAs/GaAs and InAs/InP 
QDs. The solid lines represent the strain modified bandoff- 
sets, whereas the dashed line is the unstrained CBM and VBM 
for InAs. We show in the insert, the first electron (eO) and 
hole (hO) wavefunctions of the lens-shaped InAs/GaAs and 
InAs/InP QDs, with base= 25 nm, and height= 2.5 nm. The 
isosurface is chosen to enclose 95 % of the total density. 



lattice mismatch should have smaller FSS. Second, a 
stronger confinement of the electron and hole in their re- 
spective potential wells will reduce the penetration of the 
respective wavefunctions into the matrix material, thus 
reducing their amplitude at the interface, where intrinsic 
asymmetry is present. Third, since the (atomistic) hole 
wavefunctions are more localized on the anion sites, hav- 
ing dot and matrix material with different anions (e.g, 
As vs P or N) will further reduces the amplitude of hole 
wavefunctions at the interface, thus reducing the intrinsic 
FSS. 

Surprisingly, all three conditions can be met by retain- 
ing InAs as the dot material, but replacing the commonly 
used GaAs matrix material by InP. The latter material 
has a smaller lattice mismatch with InAs (3 % instead 
of 7 % for GaAs), and manifests a different anion (P) 
with respect to the As atom in GaAs. To examine the 
extent to which the InP matrix better confines the ex- 
citonic wavefunction inside the InAs dot, we compare in 
Fig. [2] the strain-modified potential in an InAs dot sur- 
rounded by GaAs or InP. Since the electron wavefunc- 
tion (eO in the insert to Fig|2]) is similar in both systems 
due to the light electron mass of InAs, the dimension of 
the excitonic wavefunction is mainly determined by the 
hole wavefunction. As shown in Fig. O the (strained) 
hole confining potential for InAs/InP is 530 meV, much 
larger than that for InAs/GaAs (46 meV). Consequently, 
the hole wavefunction of the InAs/InP system (hO in the 
insert to Fig. [2]) is indeed much more localized in the dot 
interior than is the case in the InAs/GaAs dot [19]. The 
reduce wavefunction amplitude at the interface, where 
the [110] vs [110] asymmetry is maximal, will then re- 
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TABLE I: Geometries of the QDs used in the calculations. 
D is the base diameter of the lens-shaped and (truncated- 
) cone-shaped dots, whereas h is the height of the dots. S is 
defined as R[no] -i?[iio] 5 where R[no] an d R[iio] are the diam- 
eters of the (elongated) QDs along [110] and [110] direction, 
respectively. 





Shape 


Size 


LI 


Lens 


D 


20 nm, h 


— 2.5 to 5.5 nm 


L2 


Lens 


D 


25 nm, h 


— 2.5 to 5.5 nm 


L3 


Lens 


h 


3 nm, D 


20 to 25 nm 


L4 


Lens 


h 


4 nm, D 


20 to 25 nm 


L5 


Lens 


h 


5 nm, D 


20 to 25 nm 


CI 


Cone 


D 


20 nm, h 


— 2.5 to 5.5 nm 


C2 


Cone 


D 


25 nm, h 


— 2.5 to 5.5 nm 


C3 


Cone 
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3 nm, D 


20 to 25 nm 


C4 


Cone 


h 


4 nm, D 


20 to 25 nm 


C5 


Cone 


h 


5 nm, D 


20 to 25 nm 


El 


Elongated 


S 


20 2 nm 


2 , h = 4.5 nm 


E2 


Elongated 
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25 2 nm 


2 , /i = 4.5 nm 
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duce the intrinsic FSS in InAs/InP. 

To examine our design principles for reduced FSS at 
work, we carried out extensive calculations of the ex- 
citon energies and their FSS for 184 different dots in 
the InAs/InP and InAs/GaAs QDs. We have consid- 
ered realistic sizes and geometries, including lens-shaped 
QDs (L1-L5), (truncated-)cone-shaped QDs (C1-C5) and 
elongated QDs (E1,E2) (see Table IJ). We use an atom- 
istic pseudopotential approach to describe the single- 
particle physics [TH, H(j, and a configuration-interaction 
approach to describe the many-body interactions [2 lj. 
The atomic positions were relaxed to their minimum- 
strain position. Since the exciton and biexciton are 
nearly linearly polarized along the [110] direction and 
the [110] direction, the FSS is defined as the energy split- 
ting between the [110] polarized exciton and [110] polarized 
exciton, i.e., A FS s = E(X [110] ) - E(X [ll0] ). 

Figure [3] shows the FSS in these two systems as a 
function of the excitonic energy [22|. The exciton en- 
ergies of the (pure) InAs/GaAs QDs range from 0.95 
-1.12 eV, and the FSS scatters from - 18 /ieV to 60 
//eV, both are in a good agreement with experiments 
[1, 0, [13, El G3, which establishes credibility for the 
results of the InAs/InP dots. Figure [3] demonstrates 
that the intrinsic FSS of the InAs/InP QDs (-4 /ieV to 6 
/ieV), is about an order of magnitude smaller than that of 
the InAs/GaAs QDs. This system can therefore be used 
as efficient entangled photon source. Furthermore, since 
the primary exciton wavelength of the In As /InP QDs is 
around 1.55 fim telecom wavelength [lii 23 . 24j . they are 
very promising for the long distance quantum communi- 
cation via optical fibers. The calculated FSS are consis- 
tent with recent experiments, in which extreme ly s mall 



exciton FSS were measured in the InAs/InP dots 22 
However, it was not realized that the small FSS is an 
intrinsic property of the InAs/InP dots. 



FIG. 3: The upper panel shows the FSS vs the exciton en- 
ergy for (a) InAs/GaAs and (b) InP QDs. The lower panel 
shows the FSS distributions for (c) InAs/GaAs and (d) InP 
QDs. The solid lines are fitted by Gaussian functions for 
all shape-symmetric QDs, whereas the dashed lines represent 
the distributions of the FSS of total samples including also 
the asymmetric dots, a is the standard deviation of the dis- 
tribution. 
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FIG. 4: Upper panekThe height dependence of the FSS for 
(a) InAs/GaAs and (b) InAs/InP QDs with different sizes 
and geometries (Lens and Cone). Middle panel: The base 
diameter dependence of the FSS for (c) InAs/GaAs and (d) 
InAs/InP QDs. Lower panekThe FSS as function of lateral 
aspect ratio of the elongated QDs in (e) InAs/GaAs and (f) 
InAs/InP QDs. 
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The FSS of the InAs/GaAs and InAs/InP QDs are 
compared in Fig. [4] for different dot geometries given 
in Table I . Figure 1(a)- (d) show the results for shape- 
symmetric dots (circular-base), whereas parts (e)-(f) il- 
lustrate the effects of shape asymmetry (base with differ- 
ent radii lengths). We next discuss the trends with dot 
height, base size, and shape anisotropy: 

Intrinsic FSS vs dot height: For the InAs/GaAs dots, 
we see the FSS decrease monotonically with increasing 
of the dot height. At about h = 5 nm, the FSS of the 
InAs/GaAs dot LI is found to be zero. This is because 
in the tall InAs/GaAs QDs, the holes are localized at the 
interface of the dot due to the strain effect UK, which 
reduces the electron- hole wavefunction overlap, leading 
to small FSS. However, it is not a good way to reduce 
the FSS by increasing the dot height for the InAs/GaAs 
QDs, because the PL intensity is also reduced with the 
deduction of the FSS due to the reducing of electron-hole 
overlap. The height effect of the FSS is less dramatic for 
the InAs/InP dots, and all FSS are found to be extremely 
small(between -4 fieV to 6 fieV). A zero FSS is also found 
for the LI InAs/InP dots at height ~ 5.5 nm. However, 
unlike in the InAs/GaAs dot, the holes are not localized 
on the interface in the InAs/InP QDs [19], therefore, it 
would not suffer the problem of PL intensity suppression 
as in the tall InAs/GaAs dots. 

Intrinsic FSS as a function of dot base size: For flat 
InAs/GaAs QDs (L4, C4), the FSS decrease monotoni- 
cally with increasing of the base size. However, for the 
tall InAs/GaAs dot(L5), as we increase the base size, the 
FSS increases, because the hole is less localized on the 
interface [25], which increases the electron-hole overlap, 
and thus the FSS. However, the FSS depends less on the 
base diameters than on the dot height for the InAs/GaAs 
dots. For InAs/InP dots, the FSS increase slightly as we 
increase the base size for all dot geometries. The FSS 
of the cone-shaped dots are similar to that of the lens- 
shaped dots. 

Effect of Shape- asymmetry to FSS : Figure [H (e) de- 
picts the FSS of the InAs/GaAs QDs as functions of 
the lateral aspect ratio i?[no]/^[iio]> whereas Fig. HI (f) 
shows the results for the InAs/InP QDs, for two fixed dot 
volume and height. For InAs/GaAs QDs, we see that as 
we increase the asymmetric ratio the FSS increase dra- 
matically from -11 /xeV to 26 /xeV. For the InAs/InP 
QDs, we found that for the smaller QDs, the FSS de- 
pends strongly on the shape asymmetry of QDs (from 
-12 /ieV to 14 fieV ), whereas for the larger dot, the FSS 
only weakly dependent on the shape-asymmetry. 

Statistical distribution of FSS vs sizes and shapes : To 
further illustrate the differences of the FSS between the 
InAs/GaAs and the InAs/InP QDs, we plot the statisti- 
cal distribution of FSS for the two types of dots in Fig. 
09(c), (d) respectively. The solid lines represent the dis- 
tributions of the intrinsic FSS of cylindrical QDs, fitted 
by Gaussian functions and the dashed line represent the 



distributions of the FSS of total samples including also 
the asymmetric dots. As we see, including the asymmet- 
ric dots does not change much the FSS distribution. The 
mean value of the FSS of the InAs/GaAs dots is 23 /xeV, 
with standard deviation of 14.4 meV, whereas the aver- 
age FSS of the InAs/InP dots is 3.5 fieV and standard 
deviation is only about 1.6 /ieV. 

The FSS of the InAs/InP might still be too large to 
achieve perfect photon entanglement [7], but it can be 
further reduced by controlling the growth condition. For 
example, for the "small" InAs, InP lattice mismatch, one 
may try to grow a quantum disk, which has higher D2d 
symmetry, thus (almost) zero FSS. Nevertheless, it is 
much easier to obtain the InAs/InP QDs with nearly zero 
FSS than the InAs/GaAs dots. 

To conclude, we have shown that the intrinsic FSS 
of the InAs/InP dots are (statistically) about an order 
of magnitude smaller than that of the InAs/GaAs dots. 
The InAs/InP QDs have additional advantages because 
the emission photon wavelength is around 1.55 //m, and 
is far away from the wetting layer background emissions. 
Combining these advantages, one can expect that the 
InAs/InP QDs can play a crucial role in the quantum 
information applications, as a new generation of "on- 
demanding" entangled photon source. 
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